Variable selection and discrimination in gene expression data by genetic algorithms by Krause, Rüdiger & Tutz, Gerhard
Krause, Tutz:
Variable selection and discrimination in gene
expression data by genetic algorithms
Sonderforschungsbereich 386, Paper 390 (2004)
Online unter: http://epub.ub.uni-muenchen.de/
Projektpartner
  	
  	
  
 
  
	 

  	

 

 
 
  	
 
    !"## $% &
  & 	   % %	 	
 	 '
%%  	' 	 	 
  & 	 ' 	
   % 	
(  	     %  ' ) 	 	 	' 
' 	
  '  	 	 	   ) %  
		 % 	 	
 ' '  	
  	% % % 	 	 
 	 	 *% 	 	   + 
		
  ), 	 -), )  	 % 	 	
 ' '  	%
 	 %% 	  % % ' ' .	 	  
	
  .	 	
 
 
 

     
	 

   !

  "  # 
 $  

$ 
  !

 
 
   
 %

& !

   
    

 
& 
  !
   !


' 

 
 %

& !

 $ 
 
  !
 

 (!    &  !
 
 
 

   
   !

    

&  
% 

 )
&     
&     &
  $ 
 * 
 
 
  

& & 
 $ 



   %
   % 

 $     +

 ,
 
 "-...#   
 !
 
   !

  
! 
 "  ' "-..-##   
 $  !

   
% 

 & 

   

 
  
 
  $/   %  $    0
  
   
 
       1
$    
    !

  *
&  2 0

  

 $      
 & $ 

&



 
/%
0 1  *+
    
  
 
  !
  ! & " 
 
 
 
#  3 4      $  

 
3 "
  
     
 
# 

 !  %

& !

 
  
 
  . 4  
 
& !
 

  
   $5&  
&      
	
  "   	
 #
	

" 
 
#
4 
" 
 
#
3  

 

$  
 
3  " 
 
3 4 
 
#   
 
&  !  
 
3
4           
 
      
  
	
'
% 5 
      
 
 & 
%
 05  
 3

 
  
 
 
	"

 
# 6

 
  
"4  
 
# 	"4 

 
# 
*   
   
   *
 ,  "-..4#
7       % 

     

  %

& !

 '
% 5 
 
&
&
"  # %  $
5       %

& !


  
 
 
   
   
% 5 
  
 % 
  
 

      %   
%
5 
   
5  !
 $ !
 $  
 
3 . 

 
 
3 4 "
  ,  "4892# :
 , ;<& "489=# 

,  $ "-..4##        %  
% 5

     >
 
   ! 
  
 
     :
 5$ 
 &     !

    
  

 !
 
 !

   
&    $ $ $ 
 
     
   !


	

" 
 
#
4 
" 
 
#
3  

 

$  
 
 
 !  !

      4        
 


  
 
        
 !  

 
3 "
  
     
 
#  
 $
  
 
$   
	

" 
 
#
4 
" 
 
#
3
 
 

 
6
 
	 


 

 	

$    	    %    
 $ !

   
)
&    
 
  	 
 
  

  
    !

  
 
 

  
 
    
  $   %& "
   

 #  

 

   
 

  &   !
    
  
  $ 
! !

  "  !

 
 
# $  
  $ 
$ !
    
  $   
 
  

 
   & 5
5 "48?1#
2' 	   	  & 3	   ' &  4
 3 - 6 - 

  
  
   :$
 "48?9#
 3 - 6  	"# 
$    05   
      

  
 $ 
!   
 )
&  
  
  

  
 %  
 
       
  "+
 "48?@#  "4898## 
 
& 
  ;
0
$A &  ! $      
  

 "B#
!
 $ 

    >
 %
   
 
   
  
 5  ! 

    

    
 
 ;
$

   !!
 *  
5   
    

    &  +
 
 +
 "4889# 
 ' "488=#
 
  5  !
  
  
  
 
 



   
      5  
(
  
  0
 
        

   & )
& !

 
 

  
 
  $  
  "
 

		 #   
 
$
&  !
  
 
 
 0
  
 
       
    
$ 
& 
   $ 
 
 
 $ $ < 
 $ 
    
  7   

 
0
 
 

   & 
 
0 !& < 

      "     -#   
 B
 
 
    
   !

   
 .4   
: $ 
!  
 !

  
 
     

      
 
 !

  ! &
Æ


3

4    

 
. 
 3 4     

 Æ



    
 $
& &
Æ


3

4   !     "  

  

 
. 

$  # 3 4       
3 #
*  
& $ &  

    $ 
0
 
  &    
 < 
   
Æ


 Æ


Æ


"4#
 
 
 
 
  &   
 <   !


 


  


   
 
 
$
&   5 
  


 !0 
 
 
  
 
  
 

   
5 1  *+
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Dependence of g(t) and p
cv
 on a random number r
Random number r
Fu
nc
tio
n 
g(t
) t=5, p
cv
=1
t=5, p
cv
=0.5
t=95, p
cv
=0.5
t=95, p
cv
=1
	
  6	  78  %	 '9 	  
	 ' 	 ' 

	 	 + 	
 % 	 '   		 	'' 
 
:  

 
: !; *%      %	  
Æ 3 "Æ


 Æ


#
$ 
 !
 .  4 
 
*    
 $   
 
 5 ! 
 


 
 '
& 
 " C!
 
 :
  , :
"-..4#D 7
 '
 :5
 , 7
 "488=#D E
 , +
!
 "488?## 

 $ 
 
   $     

+$!   
 
  < 
   
 
 <&
$ 
 !
 / B $ 
 
&   %  


 
 
>  
 
  
   
 
 $ &  

 
 
  
  & 
 
   $  

!

 0  
/
"# 	
  
  
/  $ 
! $ .  4 
$ 
 !

 Æ 3 "Æ
 
   Æ
 
   Æ

# 

F
Æ 3 "
F
Æ
 
  
F
Æ
 
  
F
Æ

#  
  
 "Æ
 

F
Æ
 
#   
  $
  
  $ 
! 
 
 

 
  G. 4H $

 
$ 

"4 
 
 



  
	
# "-#
+    G. 4H  
   
  >
   
   
  

  ! 
& "  !

#       

 %   
%   
 
   
 0
& 

 $     0 & 7 

    !    & 
 
 % 
 "-#
 
   !
 ! 
   
 
 ! (! $ 
! < !
   

  
  
 7 
  $ $ % 
 "


 * 4#/    
  %  	" #     
  	" #
 
& I & 
 
    
   * 4

  
!/   
   3 @  
 
%
0
!& 
 
  $  4 * 

3 4 
&  $ $
  
  "   
#   !  & 
 
 

   $
 $   
  !
B  

2' 	   	  & 3	   ' &  ;
	 78
 
 	
	
 % 	  
 	
 78










	 	
   	 	
  
 
	 	

 
 
	 	

 
 
,% 	
 	
 
,% 	
 	
 
,		
 
,% 	
 	
 
 
	 7< 8
%  	(   
 
 0  4
 5  5
 ;  ;
 =
 "
  
  
	
     	 
   
     	
  	 
!
  


 
    $
 $ $  " 
 0

  .@     $
 & 
 
  ! #  
 
    
  %  	" #     
 
	" # 
 & !
      
 $ 
  
   
 
  * 4    3 8@       
 

 &  $ $
 $    
 
 
 !
  


  <
"#	
    
/   
   
  $ 


 
  
 

  

 
$ 

"4 
 
 



# "1#
   
  .  
  4 
 ! !
 + 

  0

 
& "  !

#  
 
  
&   


  
 
      

  
   !

  
   	
	 
 
 
	

	 ! 
   	
 ,  "-..1#  & <   5
 
!

 
 
  
 ! !& 
  + 
      "
 * -#/
     	 	 
	  " #  	  	    

        " #
= 1  *+
     	     	
 
   
  	
 	   
     	     	
 
  	 
 	        
    
  	  	  	     	
    
	
 	

     	 	
   

  	
  	   	  	 	
 
 	 	 


  	 	  	 
	    	 !
	  	  
  "   	


 	
  #    	 
  
 $%    Æ


 Æ


Æ


	 
  

	
 	
   $

    	
 

 	
 	  	
        	 	  -     

   $%    Æ


 Æ


Æ


	 
  

	
 	
   &  " 	  	     
	  " 6 4#
! ""   #$" 
  
 $ 

& $ 

& 

/
   

 
 % !  -...  
 
  3 4     -...

 =- !
  
 
  3 4     =- + 2. !
    

$   
 -. !
    
 $ 
 
 

  !  
 
 

 $ 24 !
 
 
 


 $ -4 !
 7  -..   
 

 
 


 $ 
&  !
  
 
   
 

 *   
   

   
5
 J

 E

 '
5 , ! "4888#  

 
  $
  
"##$
$
	# 
  
 

 
& 
 % !  4-=..  

4.- !
 "   
 
  

 
  $
  
"##%%%&

$%$$
	#!'#!
# + @- !
 
  
 $ 
  
 @. !
    
 $

  & 
 B  
   7%  " 
  $
 
5
  #  -...  $  
 0!
 $ 

    > 

&  

  !  
 
 


$ =9 !
 
 
  

 $ 12 !
 7  -.. 
 
 

 
  

 $ 
&  !

  
    1  
  $ < !/
"# (

   % 
/ 

   %   -...
 
 
  3 4     -... &  
 
    

 
 & 

  B !
   
  
 & 
 " $ 
! -... B !
#   
 
 $  
& 3 29  $   B !
 
   
 
 
 
 $ 
  
      

    
 
&  
  
 
  
  !
  $        
%
 4. 
" 
  
 4.  
 
%#
2' 	   	  & 3	   ' &  "
"# (

   % 
/ * 

  B !
   
 0
 
 &    $  
  
  !# 3 2.  
 !

 $ &   B !
 +  
   
-...   5  !#  $ &      >
!

  *   
 
  
 0
$ 
& $     "  
  !# 3 2.  $ 
!
?9. 
#  
 
  
 
 
 
  0

 
  
      !&

    
%
 4.
  
 

    
 
 / 
  "&#
3 29  ! 
& 

3 4 
 
& 

3 4 
  3 =.    $     3 19 
  3 4. 
' 3 .@ % 3 4... 
  3 4
7         
 
 
 


! 

  
B
 $ 
 5$    $  

    
/
"4# )

 	/  !
     
  "*0

 +
 , 
 "-...## $
      
& K$
5L

B   
 $  KL  
 $5    0
$ $
&/
 M
 !
   
 

 
 
 
 $ "
 
3 4()  3
4    )
 *  3 4 / *
N ) 
 
B +
	
"# "    $# 
 B  
B  

 

 $   $ "
 
  
B +
	
"#  

 
5    $ !

 464  
   
 
 
  
 
    464
N   $  
   &

	
3


  
"
 
" 
 

3 +
	
"
 
##


  
"
 

  
 
   !
  
 

   " &
 
B +
	
"## 
 <   
 
 & 
 $


N  ,
	
3 	""4  
	
#(
	
# $ $  I  
 
B
N :
"
 
 "
 
 

 



 



  3 4    ) 
 !
 $  
 !
  
    % 
0
    
  
B !
 
 
 $

  & 
B !
  (!  
  %

B +
	 
"#    !
 $ 
 $
     
 
B +
	
"#  3 4    *  
 
 
 $ 
+"# 3 	


 
	 
,
	
+
	
"#
	

 1  *+
  


 		
	 
 
		
& 	% 	 	 7),8 !04" !! #5
& 	% 	 	 7-),8 !0005 !!   
& 	% 	 	 7),8 !""= !!#!#
& 	% 	 	 7-),8 !"!! !!#";
  -		 !#0! !!"0!
,>* !0#4! !! #!
? %'	 !0;0! !! =!
;? %'	 !05! !! #!
   
      	 

     	      	
   

 $ 
!      " $# 
 
0
B   *  
  @.
"-# *

&*
 
	/   >     B 
 $5
   $ $
&/ ! 
   

 
  3 4        
 

 $
  # 
  &  M
 


 
3  
 
  

 
 
 
 O 
 

  ! &
O 
 
3
4
#
 
 

 

 



 
 

$ -

" 

 
#      

 
B &  5    
 
  
 
   
 O 
 

5 
 !
 . .@ $ 
 O 
 
 !
 4 "  
 
 # C$ "O 
 
 .@#  
 

  !
 4 "  
 
  # & 
 $ 
 !
  
 
    
     

 
    * 

   #0
0  
  

 $  # 3 4 
 # 3 @
"1# '+/ 
B
 
   " # 
!  ! &

 *
 C , : "4892#  
  
  

  !& ! 
    
!   

  
     !

   C$  !
 
!  
 $ 
  * %
  &  
 !

  
!D  $ 
   
    $  &/    

 
3  /    ! 

3  /  .  
  
 !
 $ 
  < !
 $ 
 

 

"   3 .  
 

   3 4  

 ! !
#  
    

  
 
  
  

   
 !

  !

 $ &     
 
%
    $  2  
  @ !

 $ 
*   

   
 4 $  
!
 
B
 

!&  

 !
   
B
 
   -.. 

   

  
!
 
B
 
  B 

 3
4
-

 
 

4
)

 
  
 "O 
 
  
 
#
	

2' 	   	  & 3	   ' &  #
0
10
20
30
40
50
60
70
80
90
100
Po
rti
on
 o
f d
at
as
et
s 
(in
 %
)
0
20
40
60
80
100
120
140
160
180
200
Nu
m
be
r o
f d
at
as
et
s
Portion and number of test datasets with 0,1,2,...
incorrectly classified observations
    Number of in−
correctly classified
     observations
0−2
3−5
6−8
9−11
Genetic Algorithm
without interaction
     AIC         BIC
Genetic Algorithm
  with interaction
    AIC         BIC
 Ada 
Boost CART
     Nearest     
    neighbour    
k=1           k=5
	
   
!    	 !  0    "  ! 
	   	
$ -     
    

 " - 3 -..# )  
  
    

 ") 3 -4# 

"O 
 
  
 
# 3

.  O 
 
3  
 
4  O 
 

3  
 

     
 4 
  
B
 
 
5  
 !
 $
  
 $ 
      $ &
$  7  
  

 $ # 3 @ 
  

 $ 
 "$ # & 
     
B
0
 
 
 

    & 
%
& 4. 42P +

B
 
 
   &  
   $ # 3 4 

   

 M%    
 
  $ 




 !
/  !
 < $ ..9=. 
 ..8?@
7    <  
 
 $  
 
!
 
0
B
 
    
 $  +$!  < 
 
0
!& /   
!
 
B
 
    $  

$ 
 <   
  & 
%
& 2P
 
 * 1 $    

 $ . 4 -    & 
0
B !
 +     
  !    

  
 .  - 1  @ =  9 
 8  44 
B !
   


 

 $ 
 4 
 * 1 $ 
   
 $

 
 &  $ & 
B !
   


 
  
  

 * %
   
 $
! 1  *+
0 200 400 600 800 1000 1200 1400 1600 1800 2000
0
10
20
30
40
50
60
70
80
Frequency of occurrence in dependence on the gene number
(Genetic Algorithm without interactions and AIC)
Gene number
Fr
eq
ue
nc
y 
of
 o
cc
ur
re
nc
e
377
439
1772
249
1423 18431635625
0 200 400 600 800 1000 1200 1400 1600 1800 2000
0
10
20
30
40
50
60
70
80
Frequency of occurrence in dependence on the gene number
(Genetic Algorithm without interactions and BIC)
Gene number
Fr
eq
ue
nc
y 
of
 o
cc
ur
re
nc
e
377
493
1772
249 1423 1635 1843
0 200 400 600 800 1000 1200 1400 1600 1800 2000
0
10
20
30
40
50
60
Frequency of occurrence in dependence on the gene number
(Genetic Algorithm with interactions and AIC)
Gene number
Fr
eq
ue
nc
y 
of
 o
cc
ur
re
nc
e
625
765
1423
1771
1635
513
0 200 400 600 800 1000 1200 1400 1600 1800 2000
0
10
20
30
40
50
60
Frequency of occurrence in dependence on the gene number
(Genetic Algorithm with interactions and BIC)
Gene number
Fr
eq
ue
nc
y 
of
 o
cc
ur
re
nc
e
625
765
1423
0 200 400 600 800 1000 1200 1400 1600 1800 2000
600
800
1000
1200
1400
1600
1800
2000
Gene number of the 1st gene
G
en
e 
nu
m
be
r o
f t
he
 2
nd
 g
en
e
Interactions between 2 genes (AIC)
1635
0 200 400 600 800 1000 1200 1400 1600 1800 2000
600
800
1000
1200
1400
1600
1800
2000
Interactions between 2 genes (BIC)
G
en
e 
nu
m
be
r o
f t
he
 2
nd
 g
en
e
Gene number of the 1st gene
1843
1648
365
II
513
1635
	
   #$"      	  	
 	  
	   " 	   	    %	   	
!
 	 	  		   	  	
 	 

 &  
%
& 1.P    

 . - & 
0
B !
    " 
# 
 . - &

B !
  & 4@P    


 
 >   

&   % 

   !
  
 C 
    !
     ! $  
" 
 $  #       !
 $ !


"# 
!     
  !
   
 
 



* 2 &   >&         

$ 
 $ 
    
  * 2 $     
2' 	   	  & 3	   ' &  
  


 		
	 
 
		
& 	% 	 	 7),8 !!##5 !!;4 
& 	% 	 	 7-),8 !!#=0 !!;=5
& 	% 	 	 7),8 !!#5= !!550
& 	% 	 	 7-),8 !! "" !!4#=
  -		 !!"!4 !!4"!
,>* !;; !!;=!
? %'	 !; " !!;4#
;? %'	 !4 " !!;4"
   
      	 

     	    
 
 $  
   
 $      

 $ 
  
  
$    
     < $  
 
 

   
 
    $ 
   
&  
    
 &  
 
   
   $ 
     

 
  

  !


 
     * %
  1??    
  
! $
 !
   =-@ 
 & 
     
 
  
  

    
& 
 
   !
  
    -.. 
 

 "   %
 
&   & 
 
 
    
  #
 $ 
 
    * 2 $  
 $ $ 
$ $     
 $ 
 *  

 

  
  
 
 1 

 
 
5 & 
 
        &   
 
   $
$ !

& :!
 
   
!     
 
   !
 "  $   @41  4=1@# *  

 
   & 
 $   4=1@ 
!  
   
 
 

&    

 "
 

# & 
  +$!
 < $  
 $ 
 $ 
   

 
    

 
 - $  
!
 
B
 


 

 !
   - 3 -.. 
    

    

    

  ) 3 12 J$       

  
 
! & 
  
  &  

  

 * @ $ 
 $  %   

  
 $ 
 
 &  $ & 
B
!
 
 $ 
  


  
 $
& 
     

   >&     

 
  !
 + $   
    
 
  * = $   >&        

 $ 
 $ 
 +$!  
  5   
  
 

  -...  
!  /  $ $ 0!
 "
 
 7% # 
! $   
 ! !
  
 


   
 $ 
 $ 
    $ 
 0
!
 M
&  B  "$ 0!
#  
  
 !& 


   %
  >&  
      
  

0 1  *+
0
10
20
30
40
50
60
70
80
90
100
Po
rt
io
n 
of
 d
at
as
et
s 
(in
 %
)
0
20
40
60
80
100
120
140
160
180
200
N
um
be
r o
f d
at
as
et
s
Portion and number of test datasets with 0,1,2,... 
incorrect classified observations
    Number of in−
correctly classified
     observations
0−2
3−5
6−8
9−11
Genetic Algorithm   
without interaction 
     AIC         BIC
Genetic Algorithm  
  with interaction 
    AIC         BIC
Ada 
Boost CART
     Nearest     
    neighbour    
k=1           k=5
	
 !  
!      	 !  0    " 
! %	 
!   	 !    & !  0' 4  ;' =   '
 #   
 !   
< *  

 
&    &  

    

   

  & $ $   
 $

  
 
 
    * = $   >&  
 $
$     
 
& 

   $ $ 0!
   

"      B  < $ 
    4 
 4@.#
    
 

   
  & = 
 
  

 $&   
 $ 
 
   ! 
 
B
 
 "
 
 -# 
    

$ 
     
 

 " $ 4-=.. # 
& $
&   

% 
  
 !

    % 

 &  


  !
  
  
  
 $ &  

< "  
 $ 
# $ 
! 
  
 

      
 < 
  ! 
  

 $ 
    & 
B
  
  
!& $   
 
 $ 

 $   
   
0
 $      
B 
 
!  
! 
 
2' 	   	  & 3	   ' &  4
0 200 400 600 800 1000 1200 1400 1600 1800 2000
0
5
10
15
20
25
30
35
40
45
50
Frequency of occurrence in dependence on the gene number
(Genetic Algorithm without interactions and AIC)
Fr
eq
ue
nc
y o
f o
cc
ur
re
nc
e
Gene number 0 200 400 600 800 1000 1200 1400 1600 1800
0
5
10
15
20
25
30
35
40
45
50
Frequency of occurrence in dependence on the gene number
(Genetic Algorithm with interactions and AIC)
Gene number
Fr
eq
ue
nc
y 
of
 o
cc
ur
re
nc
e
0 50 100 150 200 250 300
0
200
400
600
800
1000
1200
1400
1600
1800
2000
Interactions between 2 genes (AIC)
Gene number of the 1st gene
Ge
ne
 n
um
be
r o
f t
he
 2
nd
 g
en
e
	
 " #$"      	  	
 !  ()
	    " 	  	   %	  
	 	  		   	  	
 	 
    
&   
 
  
 
    
!

 &  
 B !
 !

 C$  

$  $  
&   !

 
    
 

 

  
    $5 $
+ 
B
   
&  
 
       
 !

 * 
 <   !$   
   
 
 $
&  
 
 
B  
B
   
   

$ !

  &  
    $ $ 

B

	
5
5 + "48?1#  $ 5 
 

  B
 ,,, +&
      ?4=N?-1
  
  Q "4892# C  %  
% 5

     
  4N4.
 ) 
5
 J J
 ;  	 E

 : '
5 ; 
 !
 "4888# 
 
   % !
 &  

&  
 
 
    &  

& !

	
 *  	
   

 
      =?2@N=?@.

  *
 Q + C    
 :  Q "4892#  
 	 '

 +

 R
B !/ 7
$ 
 5S

  
  $ R "-..4# '
 !
   0
     	 )    =@N?@
*
  
   "-..4#  
   	
   
	 


 -
	  
 	
  .	 
	 J$ E5/ : 

*
 Q +
  
 
   "-...# !  / 


 !$   "$ # +
      ./ "-#
11?N2.?
+

 + 
  
   "-...#   
  
 

  
  @.9N@4@
	
   
   "-..1# !  $ 
 
 
  
 ) !
 01.  2 0/3 4
 

'  "-..-#  
  
 
  '

 
  
  J$ E5/


 , +
S 
C!
  : 
 J :
    * 
 :  E
"-..4# *
     
   
$ 
  !

	  
 15
	
-     

( 	 
 !
  1=-N1=8 *
A0
/ MMM
 :&
:
  
 ;<& ; "489=#    
 
 
 (
 
A 0
    %  
% 5 
   
 
  ?@@N?@9
:$
  "48?9# M
    
       
2=4N2=2
7
   '
 ; Q :5
 Q  
 7
 M Q "488=#  

       
   !

	  

./    
 


E
 Q 
 +
!
  "488?# *
    
  
0
 ,,, 
  
  
  22N28
